The ferroelectric soft mode in a SrTiO 3 thin film was impulsively driven to a large amplitude using intense picosecond terahertz pulses. As the terahertz electric field increased, the soft-mode absorption peak exhibited blueshifting and spectral narrowing. A classical anharmonic oscillator model suggests that the induced displacement is comparable to that of the ferroelectric phase transition. The spectral narrowing indicates that the displacement exceeds that induced by any inhomogeneities in the film, demonstrating that the method can be used to explore intrinsic quartic anharmonicity. DOI: 10.1103/PhysRevLett.108.097401 PACS numbers: 78.47.jh, 42.65.Sf, 63.20.Ry, 77.55.Àg Recent developments in ultrashort laser pulse technologies have enabled unique methods for coherent manipulation of the phases and properties of condensed matter [1] . In particular, since ionic and molecular motion in solids typically occurs on the picosecond time scale, the intense femtosecond laser pulses can be used to impulsively drive these motions to large amplitudes far from thermal equilibrium [2] . This mechanism has a wide range of applications, particularly in selective chemical reactions [3] and ultrafast coherent switching of macroscopic phases [4] .
Recent developments in ultrashort laser pulse technologies have enabled unique methods for coherent manipulation of the phases and properties of condensed matter [1] . In particular, since ionic and molecular motion in solids typically occurs on the picosecond time scale, the intense femtosecond laser pulses can be used to impulsively drive these motions to large amplitudes far from thermal equilibrium [2] . This mechanism has a wide range of applications, particularly in selective chemical reactions [3] and ultrafast coherent switching of macroscopic phases [4] .
Large-amplitude vibrations are commonly induced via electronic excited states or by impulsively stimulated Raman scattering processes [5, 6] , which are second-or higher-order processes of the incident electromagnetic field. In these processes, the envelope function of the electric field of the laser pulse drives picosecond vibrations in materials. However, a resonant low-frequency electromagnetic pulse can directly drive large-amplitude displacements in infrared-active modes more efficiently than an ultrashort optical pulse because the driving force is proportional to the electric field, whose oscillation period matches the time scale of the vibration. This alternative also allows greater control for a cleaner experiment, i.e., one without unexpected electronic excitation such as photoinduced damage to the material.
Since excitations associated with macroscopic phase transitions exist in the terahertz region, many efforts are being made to demonstrate terahertz-induced macroscopic phase transformations with few-cycle terahertz pulses. A further motivation is the recent theoretical prediction that phase-controlled terahertz pulse excitation can flip the ferroelectric polarization [7] . Indeed, softening of the intermolecular modes in organic crystals has already been experimentally demonstrated [8] . However, the large potential barriers to structural phase transitions in these systems require terahertz pulses with an impractically large electric field.
SrTiO 3 thin films, however, have low potential barriers to ferroelectric phase transitions. This is because the extrapolated Curie temperature for the ferroelectric phase transition in SrTiO 3 is comparable to the energy of terahertz photons [9] . Small perturbations such as those from an external electric field, uniaxial pressure, or isotope or impurity substitutions are known to induce ferroelectric phase transitions in this material [10] [11] [12] . The material has a highly anharmonic soft mode associated with these properties [see Fig. 1(a) ] with an extremely large oscillator strength in the terahertz region at low temperature [13, 14] . Thus, it is particularly suited to a demonstration of coherent control of ferroelectric polarization.
In this study, we focus on the soft mode in a SrTiO 3 thin film in order to demonstrate coherent driving of largeamplitude ferroelectric polarization. Our results demonstrate for the first time that intense picosecond terahertz pulses can impulsively drive the dipole-allowed ferroelectric soft mode in a SrTiO 3 thin film to the anharmonic region, where the amplitude is comparable to that of the ferroelectric distortion expected in the perturbationinduced ferroelectric phase. In addition, the induced displacement of the soft mode appears to exceed that induced by any inhomogeneities in the thin film. Thus, the intrinsic anharmonicity of the soft mode at low temperature can be quantitatively estimated by this method. Our results demonstrate the strong potential of terahertz pulses for coherent control of macroscopic phases in materials and also for nonlinear terahertz spectroscopy. In addition, evaluation of the anharmonic potential could be important for understanding the lattice dynamics and local vibrational potential of ferroelectric or quantum paraelectric materials.
The samples were 300-nm-thick SrTiO 3 thin films deposited on a 0.5-mm-thick MgO substrate using pulsed laser deposition [15] . They were post-annealed at 1300 C for 12 h to improve the crystallinity [16] . Their linear terahertz absorption spectrum showed that the soft mode undergoes spectral broadening and hardening possibly because of spatial inhomogeneities [16, 17] . Although a strong lattice mismatch exists between the SrTiO 3 (a ¼ 3:905 # A) and the MgO substrate (a ¼ 4:213 # A), annealing reduces the misfit strain from the substrate. As a result, the extrapolated Curie temperature derived from the temperature dependence becomes approximately 0 K, compared with 35.5 K for the bulk crystal, which still indicates large anharmonicity [9, 16, 18] . In addition, a simple evaluation of the nonlinear polarization of a film can be performed without considering the complicated nonlinear propagation equation for electromagnetic waves in the medium.
For the laser, we used the output of a 1-kHz regenerative amplifier seeded with a frequency-doubled fiber laser oscillator. The wavelength, energy, and pulse duration of the laser were 780 nm, 0.56 mJ, and 150 fs, respectively. We generated intense terahertz pulses using a Mg-doped LiNbO 3 single crystal excited by laser pulses having tilted pulse fronts [19] [20] [21] [22] . The generated terahertz waves were collimated and focused on the sample and on an electrooptic (EO) crystal by four parabolic mirrors. The maximum terahertz electric field at the sample was 80 kV=cm, and the terahertz waves were polarized parallel to the (100) axis of the MgO substrate. The EO crystal was a 1-mmthick ZnTe crystal used to measure the waveform of the terahertz pulses. The sample was cooled using a He-flow cryostat, whose temperature could be controlled from 5 K to room temperature. We mounted the sample between two wire-grid polarizer pairs and changed the field amplitude at the sample without changing the incident pulse profile, the polarization at the sample, and the field amplitude at the EO crystal. We calculated the complex transmittances in the frequency domain from the waveforms in Fig. 1(b) [see Fig. 1(c) ]. The complex transmittance tð!Þ is defined as the ratio of the terahertz spectrum passing through a sam-
At low amplitude (E 0 =8), the transmission spectrum shows strong absorption at 1.5 THz, which corresponds to the resonant frequency of the soft mode. However, at higher amplitude (E 0 ), the absorption frequency blueshifts to 1.8 THz, demonstrating the anharmonicity of the soft mode. In addition, the strength of the absorption at the resonant frequency increases with the magnitude of the terahertz field.
Let Pð!Þd denote the total polarization per unit area of the thin film. Then, the susceptibility ð!Þ Pð!Þ= E film ð!Þ (or equivalently, the conductivity ð!Þ) can be evaluated directly from the complex transmittance tð!Þ when the thickness d is much less than the wavelength of the incident light [23, 24] . We expand this definition to the case with nonlinear polarization to calculate the effective susceptibility eff ð!Þ as Fig. 1(b) . The spectrum of the reference waveform (MgO substrate) is also plotted.
Here
We examined the real and imaginary parts of eff ð!Þ for incident terahertz waves of different amplitudes (Fig. 2) . The resonant frequency of the soft mode remains almost unchanged for E 0 =32 and E 0 =8 but shows clear highfrequency shifts for E 0 =2 and E 0 . Furthermore, the bandwidth of the absorption decreases as the incident field amplitude increases.
With increasing temperature, the soft mode in SrTiO 3 is known to exhibit a high-frequency shift and spectral broadening because of anharmonicity and thermal fluctuations in the soft mode and the other coupled modes, respectively [16, 25] . This high-frequency shift observed at high electric-field amplitude is consistent with the temperature dependence of the soft-mode frequency. However, the trend in the spectral narrowing at high electric-field amplitude is opposite to that seen in the temperature dependence of the soft-mode frequency. This point is particularly important because it indicates that the terahertz pulse drives the soft mode and not the other modes, whereas all the phonon modes are excited equally when the temperature is increased. This targeted excitation capability makes nonlinear terahertz spectroscopy a powerful method for studying anharmonicity and nonlinear mode coupling in the terahertz region.
To elucidate the anharmonic lattice dynamics, we simulated the nonlinear response of the soft mode under an intense terahertz electric field using a classical anharmonic oscillator model [26] . Here, the soft mode is considered as a single mode at the À point because the terahertz pulse has a smaller wave vector than those at most points in the Brillouin zone. The inhomogeneities of individual local oscillators, which stem from defects or stress from the substrate, are included in the damping constant of the soft mode. We consider the quartic term in the potential (namely, Q 3 in the force term) and numerically solve the equation to obtain the time-dependent polarization PðtÞ. The equation of motion is written as
Here, , , À, M, and e Ã are the resonant frequency, quartic anharmonicity constant, damping constant, effective mass, and effective charge of the soft mode, respectively. We used e Ã ¼ 7:37e (e: electron charge) and M ¼ 18:6m (m: proton mass) according to the effective charge calculated in Ref. [27] and the oscillator strength of the soft mode observed in our sample [16] .
In the thin film approximation, the driving force of the soft mode is independent of the position inside the film, because the electric field E film ðtÞ can be regarded as homogeneous. Thus, E film ðtÞ is given by [28] as
Here, E i ðtÞ is the incident terahertz electric field, and d is the thickness of the film. The resonant frequency ( ¼ 2 Â 1:4 THz) and linear damping constant (À 0 ¼ 2 Â 0:66 THz) are set to reproduce the linear dielectric dispersion of the film, and is set to fit the nonlinear change in the spectrum. The initial position of Q is the origin (Q ¼ 0), which is the average of the quantum mechanical fluctuations in SrTiO 3 . The effective susceptibility eff ð!Þ can be calculated from the Fourier transforms of PðtÞ and E film ðtÞ. This model reproduces the frequency shift of the soft mode at high electric-field strength but not the spectral narrowing. This is because even though the quartic anharmonicity is included, higher-order damping terms are not. Because SrTiO 3 exhibits inversion symmetry, the lowest order nonlinear damping should be proportional to Q 2 ; thus, the overall damping constant becomes
Here, À 0 is the damping constant valid for the limit of small displacement, whereas is the phenomenological nonlinear damping coefficient, which has a minus sign in order to reproduce the spectral narrowing of the soft mode. The lines in Fig. 2 show the calculated real and imaginary parts of eff with a quartic anharmonicity ¼ 35 pm À2 THz 2 and a nonlinear damping coefficient of ¼ À3:5 pm À2 THz. The potential used for the soft mode is shown in Fig. 3(a) .
The inhomogeneous broadening in the resonance of local oscillators is due to the spatially dependent stress from the substrate. The stress induces local ion displacement, which causes variations in the quadratic term of the local potential, leading in turn to the observed inhomogeneous broadening in the linear spectrum. The negative nonlinear damping coefficient indicates that when the induced displacement of the soft mode is much larger than that due to inhomogeneities, contributions from higher-order terms of the potential become dominant and the variations in the potential decrease. As shown in Fig. 3(a) , the inhomogeneous broadening is large at the potential minima of the potential, whereas it decreases at larger displacements. Figure 3(b) shows the calculated displacement of the soft mode under the application of terahertz waves having a peak field amplitude E 0 of 80 kV=cm. The calculation shows that the terahertz pulses coherently drive the displacement of the soft mode to 1 pm, which is only 1 order of magnitude smaller than the displacement associated with the ferroelectric phase transition in related ferroelectric materials such as BaTiO 3 ($ 10 pm) [29] . Considering the difference between the Curie temperatures of BaTiO 3 (393 K) and SrTiO 3 (35.5 K [9] ), the ferroelectric displacement in the perturbation-induced ferroelectric phase in SrTiO 3 is expected to be smaller than that in BaTiO 3 . Therefore, the amplitude of the induced displacement can be regarded as comparable to that of the ferroelectric phase transition in SrTiO 3 , which is sufficiently large to show a nonlinear response due to anharmonicity.
The obtained quartic anharmonicity constant can be compared to the thermodynamic quartic anharmonicity constant in Ref. [30] , which is the coefficient of the P 4 =4 term in the free energy (P is the polarization). From our experiment, ð¼ M=N 3 e Ã4 Þ is estimated to be 1 Â 10 11 J m 5 C À4 , which is 1 order of magnitude higher than the reported value of [30] . One possible reason for this discrepancy can be explained as follows: Interactions slower than the terahertz periodicity cannot contribute to the nonlinear response of the soft mode, although they can contribute to reducing the nonlinearity in the thermodynamic static-field experiment. The higherorder terms in the soft-mode potential could also affect the quartic anharmonicity value estimated in our experiment because we neglected them in the simulation for simplicity. These results suggest that nonlinear terahertz spectroscopy is an indispensable tool for understanding the intrinsic anharmonic lattice dynamics in materials.
Our results confirmed that the terahertz pulses drive the soft mode to larger displacements than those induced by inhomogeneities and that intrinsic anhamonicity is observed. Since this method can probe the intrinsic anharmonicity at a fixed temperature, similar experiments on ferroelectric or quantum paraelectric bulk crystals could advance our understanding of the novel anharmonic lattice dynamics of the soft mode, such as quantum paraelectricity and quantum ferroelectricity. Additionally, the ability to tune the dielectric properties of SrTiO 3 thin films by changing the substrate [31, 32] may enable the investigation of the nonlinear dynamics for various potential shapes, including double wells.
In summary, we demonstrated that intense monocycle terahertz pulses can impulsively drive the dipole of the soft mode in a SrTiO 3 thin film to large displacements. The soft mode exhibits a nonlinear response owing to the anharmonicity, that is, the blueshift and spectral narrowing. The induced displacement exceeds that due to inhomogeneities in the thin film, and becomes comparable to that of the perturbation-induced ferroelectric phase transition. These nonlinear responses can be interpreted using a classical anharmonic oscillator model, thus allowing quantitative measurement of the strong intrinsic quartic anharmonicity of the soft mode in a 
